Abstract. 4H-SiC samples implanted with 10 20 Al were annealed at various temperatures with a BN/AlN or graphite cap, and there morphological, structural, and electrical properties are compared. No blow holes were observed in either cap. Some Si out-diffuses through the graphite cap which results in a rougher surface and a structurally modified region near the surface. The BN/AlN cap annealed at 1800ºC cannot be readily removed, whereas the graphite cap can be removed easily after any annealing temperature. The sheet resistances for both types of samples were about the same.
Introduction
When we first attempted to utilize graphite as an annealing cap for ion implanted SiC, we found that it formed crystallites, and blow holes were produced in it by the underlying Si vapor pressure at 1700ºC; the sheet resistance was larger than it was for a sample coated with a BN/AlN cap annealed at the same temperature; and it was more difficult to remove the crystallites with an oxygen plasma than it was to remove the caps annealed at lower temperatures [1] . However, the results of Negoro et al [2] using a C-cap were quite different in that the C did not form crystallites, no blow holes formed at higher annealing temperatures, and it was always easy to remove the C with an oxygen plasma. We have now been able to replicate Negoro's results and in this paper compare this C-cap and the BN/AlN cap along with the implanted SiC capped with them. This was done by implanting an on-axis semi-insulating 4H-SiC wafer with Al to 10 20 cm -3 to a depth of 0.3 µm, cutting the wafer into smaller pieces, depositing the caps, and annealing them for 30 min at temperatures ranging from 1500 to 1800ºC and examining them using scanning electron microscopy (SEM), secondary ion mass spectroscopy (SIMS), x-ray diffraction (XRD), transmission electron microscopy (TEM), atomic force microscopy (AFM), Rutherford backscattering spectroscopy (RBS) and Hall effect measurements. A semi-insulating substrate, as opposed to a low doped film, was used to see if the annealing had any effects on the polishing scratches.
Procedure
Prior to capping, the substrates were cleaned, the AlN and BN films were grown by pulsed laser deposition (PLD) as described earlier [3] , and a uniform C-cap layer was formed by depositing and spinning photoresist as is described in our earlier work [4] . Afterward, the photoresist film was baked at 225ºC for 10 min and annealed for 10 min at 750ºC in an argon ambient. The samples were annealed in pairs at 1500, 1600, 1650, 1700, and 1800ºC in an RF heated furnace. After the caps had been examined for blow holes and/or evaporation pits in an SEM, they were removed and the SiC surfaces were examined. The BN cap was ion milled off, the AlN cap was etched off in warm (80ºC) KOH, and the C-caps were removed by burning them off in an oxygen ambient for 1 hr at 800ºC. A final piranha etch was used to remove any oxides that had built up on the surface. 
Results and Discussion
SEM micrographs of the capped surfaces before and after annealing are similar for each type of cap for all of the annealing temperatures in that there was no evidence of blow holes in either type of cap. The graphite cap was usually featureless, while the nitride cap often contained truncated hexagonal pyramids that became more clearly defined in samples annealed at the higher temperatures. Also, the faceted crystallites on the surface of the graphite seen previously for samples annealed at 1700ºC were not present this time. θ -2θ scans were made for the samples annealed at 1600, 1700 or 1800ºC. The spectra for the nitride coated samples were similar; the BN and AlN films have a strong hexagonal (0001) texture, but a small (1010) BN peak was also present. The scans for the C-coated samples annealed at 1600 and 1700ºC are similar in that they show a strong (0001) graphite peak, but no such peak was found for the sample annealed at 1800ºC even when the step time was doubled. This can be explained by the graphite film being too thin.
This explanation is supported by the SIMS profile in Fig. 1 of the 1800ºC graphite coated sample, which shows that the cap has been reduced to < 20% of the thickness of the others -200 nm vs 1300 nm for the other samples. This cannot be accounted for by the evaporation of C because its vapor pressure is too low. One explanation is that the silicon from the SiC diffuses into, and reacts with, it to form more volatile Si x C y species. That this probably occurs is seen in the SIMS profiles where there is some Si out-diffusion into the C-cap. It piles up at the surface of the C at 1500ºC because the Si x C y species are not volatile. At 1600ºC the pile-up is very small, and at 1650 and 1700ºC the Si concentration drops off at the surface presumably because the silicon has escaped through the evaporation of some of the Si x C y species. Some Al is also lost through out-diffusion, as there is a slight build-up at the graphite surface, as well as at the SiC/graphite interface where the Al possibly replaces the Si that has diffused away. However, the amount of out-diffusion is small because the integrated amount of aluminum in the SiC sample annealed at 1800ºC as determined by SIMS is only slightly less than it is for the accumulated dosage. It obviously is not possible to profile the Al diffusion through an AlN cap, and the data on silicon out-diffusion is not very meaningful because the nitride cap contains Si impurities. That being said, there appears to be a little more Si in the samples annealed at the higher temperatures. Very little out-diffusion of Al occurred as again the total amount of aluminum determined from SIMS was only a little less than the accumulated dosage.
That there is a transition layer between the SiC and the C-cap due to the out-diffusion of Si can be seen in the TEM micrograph in Fig. 2a of the Ccapped sample annealed at 1800ºC. This layer is ~ 80 nm thick. One can also see in an HRTEM that the interface between the graphite and the SiC is not sharp, as there are pits in the SiC two to three atomic layers thick that are probably created by the reaction between the graphite and SiC.
It can also be seen in the C-capped sample that the graphite has crystallized in a few places, and that its basel plane is aligned with the basal plane of SiC. This is confirmed by the SAD. The interfacebetween the AlN and SiC shown in Fig. 2b for the sample annealed at 1700ºC with a nitride cap is atomically sharp, as the AlN appears to grow epitaxially on the SiC surface. TEM micrographs show a very thin layer of AlN possibly formed by solid phase regrowth that is more pronounced in samples annealed at a higher temperature. This could be the reason that the AlN is increasingly more difficult to remove as the annealing temperature is increased. SEM and AFM micrographs of the SiC surface show that the samples annealed with the nitride cap were smoother for all annealing temperatures except 1800ºC. The SEM micrograph in Fig. 3a for the sample annealed at 1600ºC with a C-cap show that particulates can be seen on the surface under high magnification (10kX); at lower magnifications the surface appears to be smooth. Similar observations were made for all of the samples annealed above 1600ºC. These particulates could not be removed with a piranha etch demonstrating they were not oxides. They could have been Si x C y particulates. On the other hand, the surfaces of the samples annealed with the BN/AlN cap were smoother as they did not contain particulates. However, it was not possible to completely remove the AlN cap of the sample annealed at 1800ºC, and where it was removed, the surface had some small pits. The polishing scratches were present on all of the samples -even those annealed at 1800ºC -demonstrating that annealing had little effect on them.
χ min , the ratio of the back scattered RBS signal for the sample for with a channeling and random orientation, is large for all of the samples because the substrate was a polished wafer and not an epitaxial film. There are, however, some interesting trends. For the BN/AlN cap χ min is smallest at the lowest annealing temperature of 1600ºC indicating that the sample had the least amount of damage, as there were no particulates on the surface to contribute to an increase in χ min . This is consistent with what we have seen in the past, as at these high implant concentrations there is considerable persistent implant damage that grows larger at higher annealing temperatures [5, 6] . The relatively large increase at 1800ºC must also be due, in part, to some AlN remaining on the surface. χ min for the graphite capped sample is significantly larger at 1650 and 1700ºC most likely because there are particulates on the surface. However, it is hard to explain why χ min was not also Materials Science Forum Vols. 556-557 577 larger at 1600ºC. It is likely that χ min for the graphite coated sample annealed at 1800ºC is relatively small because the polishing damage could more easily be removed as the larger amount of silicon out-diffusion would enhance diffusion of the other elements near the surface because they would be assisted by the larger number of vacancies. Hall measurements were made on the samples, and with the exception of the sheet resistance for the sample with the graphite cap annealed at 1800ºC, the measurements were similar to those we have made previously [5, 6] . That is, the sheet resistance continued to dropped from 100 to 9 kΩ/ for the BN/AlN capped samples and 100 to 7 kΩ/ for the C-capped sample as the annealing temperature increased from 1600ºC to 1800ºC. We do not know if the small, but measurable, difference at 1800ºC is due to a larger activation of the aluminum or contributions to the conductivity by a larger concentration of silicon vacancies being present.
Summary
The BN/AlN cap produced a smoother surface at all annealing temperatures except 1800ºC primarily because it was very difficult to remove the cap for samples annealed at this temperature; the C-cap was easier to remove at all of the annealing temperatures. The rougher surface obtained using the C-cap at all other temperatures is due to a precipitate on the surface which most likely containing Si that has out-diffused from the SiC. The out-diffusion of Si appears to be most dramatic at 1800ºC where much of the C-cap has evaporated, a surface transition layer can be seen with the TEM, there is a significant drop in χ min , and the sheet resistance is a little less for the Ccapped sample. 
